DNAN isotope fractionation will be affected by other potentially competing transformation 20 pathways known for nitroaromatic compounds (e.g., reduction) and if previous knowledge can be 21 extrapolated to other environmental matrices remains to be understood. Here, we investigated the 22 C and N isotope fractionation and reaction rate constants of DNAN during abiotic reduction 23 mediated by mineral-associated Fe(II) species as a function of mineral type, natural organic matter 24 presence, and repeated exposures to DNAN. Though rate constants varied, N and C apparent 25 kinetic isotope effects (AKIEs) remained consistent across all experiments (averaged values of 15 N-26 AKIE = 1.0317 ± 0.0064 and 13 C-AKIE = 1.0008 ± 0.0005) and revealed significant 15 N-and 27 minimal 13 C-enrichment in agreement with previous work on nitroaromatic compounds. Moreover, 28 the observed fractionation was clearly distinct from trends for abiotic and enzymatic hydrolysis. 29
This study provides a strengthened basis for the use of compound specific isotope analysis as a 30 1 These formulations exhibit a decreased sensitivity to 40 shock and high temperatures relative to traditional munitions and are designed to minimize the risk 41 of accidental detonations during handling and storage.
2,3 Previous contamination by traditional 42 munitions at military installations has caused concern for future contamination by insensitive 43 munitions, motivating considerable effort towards understanding their subsurface fate and 44 transport properties. Limited data, however, is available concerning the fate and transport of these 45 new energetic materials. 4, 5 Moreover, the toxicity and sediment-water partitioning behavior of 46 DNAN and its transformation products have shown to be similar to that of TNT.
1,6,7 A better 47 understanding of the relevant natural attenuation processes for DNAN in subsurface environments 48 is therefore needed. 49
The degradation of DNAN in the environment occurs through several abiotic transformation 50 pathways including alkaline hydrolysis 8, 9 , photolysis, 10,11 and also reduction in systems containing 51 zero valent iron or other iron-bearing mineral species. 12, 13 Previous work has shown that ferrous iron 52 associated with iron oxides, iron (oxy)hydroxides, and sulfide-bearing minerals mediates the 53 abiotic transformation of nitroaromatic compounds (NACs) under anoxic conditions, 14-17 reducing 54
NACs to the corresponding substituted anilines (e.g., Scheme 1). 18, 19 Such pathways have been 55 observed for DNAN and can be attributed to mineral-bound Fe(II) species as well as electron-56 donating functional groups of natural organic matter. 15, 20 Substituted anilines may also form during 57 biotic processes facilitated by Fe(III)-reducing microorganisms and other concomitant suites of 58 aerobic and anaerobic microbiota. 4, [20] [21] [22] [23] [24] 
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The goal of this study was to investigate the effects of matrix conditions that could be 120 encountered in environmental systems on the reaction kinetics and C and N isotope fractionation 121 associated with abiotic DNAN reduction, thereby evaluating the robustness of AKIEs and the 122 associated isotope enrichment factors for the application of CSIA for assessing reductive 123 transformations of DNAN. To this end, we characterized the pseudo-first-order kinetics and the 124 C and N isotope fractionation during abiotic DNAN reduction as a function of (1) of this work provide a strengthened basis for identifying and assessing these processes in 133 subsurface environments by CSIA, a result that will be of particular significance to potential 134 future efforts to monitor and remediate DNAN-contaminated subsurface environments. With the exception of goethite synthesis and storage, all experiments were performed inside an 149 anaerobic chamber (Coy, 95% N2/5% H2). 150
Mineral Synthesis 151
Detailed mineral synthesis and analysis procedures are provided in Section S2. Mackinawite 152 was precipitated using the method of Butler and Hayes 54 and particles were stored in suspension 153 in the anaerobic chamber at room temperature and pH 7. Synthetic goethite was prepared 154 according to Anschutz and Penn 55 and stored in suspension outside the anaerobic chamber at pH 4 155 and 4 °C. Magnetite synthesis was adapted from Schwertmann and Cornell. 56 Synthetic magnetite 156 was dried and stored as a powder inside the chamber. Magnetite stoichiometry (x = 157 Fe(II)/Fe(III)) was determined by acid dissolution in 3 M HCl (Sigma, trace metals) as x = 0.50. 158
Total Fe(II) and Fe(III) content was quantified using the ferrozine colorimetric assay (Section 159 S1.2).
57 Each mineral was characterized by X-ray diffraction (XRD) and compared to reference 160 patterns to support the presence of each desired mineral phase ( Figure S1 cycle. Suspensions were settled for at least 12 h or, in the case of magnetite, particles were 214 isolated by using a neodymium magnet and discarding the supernatant. Fresh Fe(II) (1 mM) was 215 added to goethite and magnetite reactors and the reactors were then equilibrated as described 216 above. The pH was adjusted back to 7.0 in all reactors and a second DNAN spike was initiated 217 and the reaction performed as described above. This procedure was carried out for five cycles, 218 with concentrations measured as a function of time in triplicate during the desired cycle. For 219 CSIA, a reactor was sacrificed at each time point during the fifth cycle and prepared for isotope 220 analysis as described above. 221
Compound Specific Isotope Analysis 222
Isotopic analysis of DNAN was conducted by gas chromatography isotope ratio mass 223 spectrometry (GC/IRMS). DNAN was concentrated by solid phase micro extraction (SPME) 224 prior to isotopic analysis. A method was modified from established SPME procedures 42,60 using 225 the PAL SPME Arrow (DVB/PDMS sorption phase, 120 μm phase thickness, 1.1 mm diameter) 226 instead of a normal SPME fiber, such that improved sensitivity could be obtained with a larger 227 sorption phase.
61 Automated SPME was carried out using a PAL autosampler equipped with a 228 PAL SPME Arrow Tool and a Heatex Stirrer. All samples were initially diluted with 10 mM 229 phosphate buffer (pH 7, prepared with nanopure water) to obtain concentrations within a range 230 of linear response, and sodium chloride (100 g/L) was added to maximize extraction efficiency. 231
Following equilibration at 50 °C for 10 min, the SPME Arrow was immersed in the sample for 232 70 minutes at 50 °C (600 RPM stir rate), and then DNAN was thermally desorbed from the 233 arrow in an injector equipped with a deactivated liner (270 °C, 6 minutes). elemental analyzer) using standard bracketing procedures. 64 Carbon and nitrogen isotope 246 enrichment factors (εC and εN) were derived according to methods described by Pati et al. 64 Linear 247 regression analyses of the isotope signature data were carried out using the log-linearized form of 248 eq. 1: 249
(1) 250 where δ h E0 is the C or N isotope signature of unreacted DNAN and c/c0 is the fraction of 251 remaining substrate (detailed calculations in Section S4.1).
65 Apparent kinetic isotope effects ( 13 C-252 AKIE and 15 N-AKIE) were then derived from the calculated εE values using eq. 2.
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where z is the number of competing reactive sites (i.e., z = 2 for N and z = 1 for C in DNAN). Pseudo-first-order rate constants (kobs) from triplicate reactors were calculated for all 263 conditions tested (Table 1 ). The only reaction products observed were MENA and DAAN. 264
Aqueous concentrations of DNAN and its transformation products are highlighted in Figure 1 . 265
Mass balances were ~80%, and given the high initial concentration, the incomplete mass balance 266 could be due to formation of coupling products between hydroxylamine and nitroso 267
intermediates. 
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Rate constants calculated during repeated contaminant exposure experiments revealed that 294 reaction kinetics were independent of previous contaminant exposure in reactors containing 295 goethite and magnetite. This is consistent with previous work with iron oxides, confirming that 296 minimal variation in the rate constant can be expected if pH is carefully maintained over multiple 297 contaminant exposures. 50 Moreover, these results suggest that any mineral transformations that 298 may have occurred during repeated exposures did not significantly affect the reduction potential 299 of the oxide-bound Fe(II) in each system. 
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Therefore, the observation that kobs decreases during lepidocrocite formation is supported by 320 the observation that lepidocrocite has a lower kobs for NAC transformation and the requirement of 321 Fe(II) supplementation for reaction to occur on Fe(III)-oxides.
14 These results highlight the 322 importance of understanding the effects of phase evolution on reaction kinetics at highly 323 contaminated sites. 324
CSIA of DNAN reduction 325
The transformation of DNAN in suspensions of mackinawite, Fe(II)/goethite, and 326 Fe(II)/magnetite was associated with strong enrichment of 15 N of up to 60‰ in the remaining 327 substrate whereas enrichment of 13 C was minimal (below 2.4‰) in agreement with previous work 328 on the reductive transformation of other NACs.
33,34,37,38,41 The extent of DNAN degradation was 329 related to isotope fractionation by eq. 1. Average εN-values for the reduction of DNAN derived 330 after the first vs. fifth spike to the mineral suspension decreased by 1‰ to 5‰ as shown in Table  331 2 (e.g., -19 ± 1‰ in mackinawite experiment spike 1 vs. -16 ± 2‰ for spike 5). All changes, 332 however, were within the uncertainty (95% confidence intervals). Variations of εC were much 333 smaller (with errors of the same magnitude as the measurements) and did not show a discernable 334 trend (Figure 3b) . The minimum and maximum 15 N-AKIE-values derived from εN (eq. 2) ranged 335 from 1.018 ± 0.002 (magnetite, spike 5) to 1.039 ± 0.001 (mackinawite, spike 1) and fall within 336 the range of data reported for the abiotic reduction of substituted mono-, di-, and trinitroaromatic 337 compounds by mineral-bound Fe(II) reported previously.
33,34,37,38,41 Whereas large 15 N-AKIEs are due 338 to the rate-limiting cleavage of the first N-O bond of the aromatic NO2 groups, 13 C-AKIE are 339 small (i.e., secondary) vary between 1.000 and 1.002 (Table 2) Slight decreases in fractionation were observed during repeated contaminant exposure in 353 Fe(II)/goethite and Fe(II)/magnetite systems (Table 2 ). This suggests that morphological changes 354 (e.g., phase evolution and growth) occurring on the mineral structure during repeated surface 355 oxidation and Fe(II) exposure may have limited the accessibility of reactive Fe(II) and thus 356 slightly masked the isotope fractionation (Section S4.3, Figure S4 ). These changes were within 357 experimental error of the initial spike experiment (εN = -17 ± 3‰ to -11 ± 1‰ and -15 ± 3‰ to -9 358 ± 2‰ between the single and multiple spike experiments for goethite and magnetite, 359 respectively). 360
The collective C and N isotope fractionation data from all DNAN reduction experiments is 361 plotted in Figure 3 . Plots separated by mineral are in Figure S3 42 Reduction data separated by mineral type are provided in Figure S5 .
424
The dotted line along the reduction data is provided simply to guide the eye. 
